Researchers routinely sense molecules by their infrared vibrational "fingerprint" absorption resonances. In addition, the dominant handedness of chiral molecules can be detected by circular dichroism (CD), the normalized difference between their optical response to incident left-and righthanded circularly polarized light. Here, we introduce a cavity composed of two parallel arrays of helicity-preserving silicon disks that allows to enhance the CD signal by more than two orders of magnitude for a given molecule concentration and given thickness of the cell containing the molecules. The underlying principle is first-order diffraction into helicity-preserving modes with large transverse momentum and long lifetimes. In sharp contrast, in a conventional Fabry-Perot cavity, each reflection flips the handedness of light, leading to large intensity enhancements inside the cavity, yet to smaller CD signals than without the cavity.
The interplay of molecules with nearby metallic or dielectric nanostructures allows for effectively enhancing light-molecule interaction. Examples are surfaceenhanced Raman scattering [1] [2] [3] , molecule infrared vibrational absorption resonances enhanced by plasmonic antennas [4] , molecules in the near-field of whisperinggallery-mode optical resonators [5] , and largely enhanced molecular spontaneous emission rates in the vicinity of silver nanocubes [6] . Furthermore, frequency-selective optical metasurfaces can effectively integrate an otherwise necessarily external optical spectrometer [7] .
However, all of the mentioned techniques are not able to sense the dominant handedness of chiral molecules. This aspect is important though. For example, the majority of todays drugs uses molecules of only one handedness (i.e., one enantiomer). Sometimes, the wrong molecule handedness has perturbing side effects. Therefore, enhancing the CD signal is highly desirable, especially if only small quantities of analyte with small concentrations of molecules are accessible. Early on, it was expected that the interaction of chiral nanostructures with chiral molecules would be helpful [8, 9] . However, more recent work shows that the chirality of the nanostructure itself is rather unwanted [10, 11] , since it distorts the CD measurements, for example, by producing a non-zero signal even for racemic solutions or achiral molecules. The work in Ref. 11 also shows that the achiral nanostructure should be helicity-preserving, such that the near-field as well as the scattered far-field have the same handedness as the incident light. Along these lines, systems for enhancing CD signals have been reported [10] [11] [12] [13] [14] . However, the spatial region of enhancement was restricted to only parts of the optical near-field which extended over a few hundreds of nanometers or less. Therefore, merely a small fraction of molecules in a microfluidic channel would experience this enhancement, hence reducing the average CD enhancement factor to near unity, that is, to no beneficial effect at all. This aspect severely limits the practicability of these previous approaches.
In this Letter, we design, describe, and characterize a cavity composed of two parallel dielectric metasurfaces. The cavity features helicity-preserving modes with long lifetimes, leading to resonant CD enhancement factors exceeding one hundred, for cavity lengths of a few tens of micrometers. To achieve feedback, this cavity does not exploit the normal-incidence reflection off the metasurfaces. For an ordinary mirror, this reflection would convert left-handed into right-handed circularly polarized light and vice versa, destroying any positive effect of the cavity on the CD. The cavity rather exploits modes whose lifetime and helicity preservation are inherently large because their momentum is nearly parallel to the disk array plane. The long interaction times allow to selectively and resonantly enhance certain chiral molecular spectral resonances.
We proceed by showing that planar cavity modes with large transverse momentum feature long lifetimes and helicity preservation. The latter is a generic property that also occurs for light reflected at grazing incidence off a dielectric half-space. We then design a tunable cavity using two diffracting silicon disk arrays and numerically analyze its CD enhancement performance. Finally, we show that the spatial regions of high enhancement inside the cavity are away from the near-field regions attached to the disks.
A set of design requirements that lead to structures suitable for molecular CD enhancement has recently been formalized [11] : Achirality, helicity preservation, and strong light-matter interaction. The paradigmatic sysarXiv:1907.05207v1 [physics.optics] 11 Jul 2019 tem for enhancing light-matter interaction is a cavity. An achiral cavity with helicity-preserving modes with long lifetimes would be a distinctly advantageous system for CD enhancement. Helicity-preserving resonances in achiral systems are a challenging requirement, though. Such resonances are, in principle, perfect mixes of the two helicities. The eigenmodes of systems with spatial inversion symmetries will also be eigenmodes of at least one of those inversion operations, and can hence be classified by their inversion eigenvalue τ = ±1. For example, the electric and magnetic resonant modes in spheres are eigenstates of the parity operator, and the modes in planar waveguides are classified as TE or TM depending on their eigenvalue upon transformation by a mirror symmetry of the system. While the relevant inversion operator can be different in each system, the modes of achiral systems can always be written as the sum or subtraction of equal amplitude modes of well-defined helicity χ = ±1
where η is a composite index that completes the characterization of the mode [16] . Helicity preservation is hence not expected from isolated eigenmodes of systems with spatial inversion symmetry. However, helicity-preserving modes will be achieved when a pair of |η τ = ±1 modes becomes degenerate. Upon degeneracy, any linear combination of the τ = ±1 modes is also a modal solution, and the resonance will preserve the polarization state of the excitation. This statement applies in particular to the pure helicity χ = ±1 combinations:
We will now show that modes with large transverse momentum in planar cavities become helicity-preserving resonances. We start by arguing that degeneracy-induced helicity preservation is achieved quite generally in the reflection off planar systems in the limit of grazing incidence angle [17] . Let us consider a unit amplitude circularly polarized plane wave propagating in medium 1 and reflecting off a planar interface with medium 2. Both media are isotropic and homogeneous. We denote by β the angle of incidence measured with respect to the normal. It follows from Eqs. (1)- (2) that the reflected plane wave contains the two helicity components with coefficients
for the preserved and flipped helicity component, respectively, where r TE (r TM ) is the Fresnel reflection coefficient for the TE(TM) polarization, which depends on β and on the material parameters. It is readily seen from the expressions of the Fresnel reflection coefficients that, when β → π/2, then r TE → −1 and r TM → −1, independently of the material parameters. 2 ) tends to zero as β → π/2. This mechanism of helicity preservation at β → π/2 can be seen on the one hand as the opposite of the complete helicity flipping for reflection when β = 0, and on the other hand as the reflection counterpart of the perfect helicity preservation for transmission at β = 0.
Let us now consider the modes of a slab waveguide. The effect discussed above suggests that, as β → π/2, the TE and TM modes of the waveguide degenerate into helicity-preserving modes. That this is indeed the case can readily be seen from the expressions for the modal condition in a slab waveguide [20, ], which, in our notation, read as:
where L is the thickness of the slab, k is the wavenumber inside the slab, l TE (l TM ) is an integer and 2Σ = 1 − (n 2 /n 1 ) 2 , where n 1 (n 2 ) is the refractive index of the slab(exterior region). As before, when β → π/2, then Φ TE → π and Φ TM → π, and the TE and TM modes become degenerate. Therefore, modes of large transverse momentum become helicity-preserving resonances. This physical insight can be used for designing a system for enhanced CD measurements.
Let us imagine that we place two planar substrates facing each other and leave a gap between them forming a cavity, which plays the role of the slab. The gap is to be filled with the solution of chiral molecules. We then need a means for exciting modes with large β, and then measuring the outgoing power. This is not trivial because large β implies a large momentum component in a direction transverse to the cavity walls which, together with the refractive index of the solvent, prevent such modes to couple directly to electromagnetic waves propagating in air, whose momentum is insufficient. One possible solution is to add diffracting arrays for providing the necessary momentum matching for both excitation and measurement along the normal ±z directions. The structure that we propose is a cavity formed by two identical planar arrays of cylinders placed opposite each other at a distance L. The cylinders are arranged in the form of hexagonal lattices and are supported by finitethickness substrates that seal the chamber. Figure 1(a) shows a sketch of the cavity. The intended functionality is that, upon circularly polarized perpendicular illumination from the top array, a diffraction order excites a quasihelicity-preserving resonant mode in the cavity. The light then interacts with the molecules for some time determined by the lifetime of the resonance. Finally, again thanks to diffraction off the arrays, the light can couple back out of the cavity along the ±z directions, where detectors are placed.
While the modes in a cavity like the one that we propose are more complex than in a slab waveguide, they can still be classified as TE or TM. We can hence expect that, because the specular reflection from a single array behaves similarly to the case of a planar interface, the cavity modes with large transverse momentum will become helicity-preserving resonances. In Appendix E we analyze the zeroth-order reflection coefficient for a single diffracting array of silicon disks embedded in an r = 2.14 medium as a function of frequency and the incidence angle β. Figure S6 (a) shows the helicity change measure |h f | 2 / |h c | 2 + |h f | 2 for the zeroth-order (specular) reflection. Figure S6(b) shows the real part of h c . The results meet the expectation: As β → π/2, h c → −1 and |h f | 2 → 0. Two distinct lines where the convergence is much slower can be observed. They correspond to modes of the single array. Importantly, we note that a mode with β → π/2 will automatically have a long lifetime because when |h c | → 1, the coupling to the channels through which the energy can leave the mode tends to zero due to energy conservation. This implication is quantitatively verified in Fig. S6 (c), which shows that the average number of internal reflections before the energy leaves the mode grows as β → π/2. That this happens in a diffracting array is quite remarkable.
We will now investigate the CD enhancement performance of the design. We will use the following definition of Absorbance CD (ACD)
where P + and P − are the outgoing powers for left-handed ("+") and right-handed ("-") circularly polarized incident light, for identical incident powers equal to P 0 . The outgoing power includes both transmitted and reflected fields. The ACD measures the differential absorption of the molecules relative to the incident power. We will also consider the Transmittance CD (TCD), defined as
, where only the transmitted powers P fwd ± are detected. The ACD(TCD) enhancement factor is defined by the ACD(TCD) signal with the arrays divided by that without the arrays.
The chiral solution in the cavity is modeled by the constitutive relations
where r = 2.14 + i10 −4 , µ r = 1 + i10 −4 , and κ = i10 −4 . The dielectric permittivity of the substrates is assumed to be non-dispersive and equal to subs = 2.14. These material parameters are realistic choices for substrates and many solvents commonly used in infrared measurements of chiral molecules [21] . The cylinders are made out of silicon with cyl = 11.9 and µ cyl = 1. We performed the nu- merical analysis with a code similar to the one described in Ref. 22 , and confirmed the results with a commercial finite-element Maxwell solver in particular instances. Figure 1(b) shows the ACD enhancement in a symmetric logarithmic scale [23] as a function of the array-to-array distance L and the illumination frequency f . The ACD enhancement is larger than thirty-fold in several areas along a set of curved lines. The enhancement is higher around the lowest lying line where it reaches a maximum value of 126 at (L, f ) = (18.73 µm, 36.03 THz). This point is marked with a white cross. The onset of diffraction, where β = π/2, occurs at f = 35.58 THz and is marked by the white continuous line in Fig. 1(b) . The curved dashed lines in Fig. 1(b) are computed using
for integer l 1 − 1 ∈ {1, .., 6}, where λ is the wavelength in an r = 2.14 medium. Lower values of l 1 −1 correspond to lines closer to the diffraction limit. We show in Appendix B that Eq. (7) is the approximated modal condition for the first six frequency degenerate diffraction orders from the hexagonal lattice upon normal incidence. The −1 on the right hand side of Eq. (7) arises from the phase of π acquired upon reflection at large incidence angles. We can also observe in Fig. 1(b) that the enhancement has some dips along the lines. These are due to coupling between the first diffraction orders and the zeroth diffraction orders, whose modal equation is [see Eq. (B5)]:
The dotted lines in Fig. 1(b) correspond to Eq. (8) for integer l 0 ∈ {6, . . . , 15}. The enhancement dips do not occur at every crossing of the lines determined by Eq. (7) and Eq. (8), but rather in an alternating fashion. As shown in [24, Sec. 2.3c], two different kind of modes can couple when the phase that they accumulate in a half round-trip is an integer multiple of 2π. We show in Sec. B that they can couple when l 1 −l 0 is even or, equivalently, when (l 1 − 1) − l 0 is odd. In Fig. 1 , the crossings of dashed and dotted lines of the same color mark points where the two kind of modes can couple. At these points, the grazing incidence angle properties of the first-order modes cease to exist in the resulting mixed modes, and the enhancement disappears. The first-order modes are unperturbed in the crossings of dashed and dotted lines of different color. The maximum enhancement occurs at L = 18.73 µm in the lowest lying line, which corresponds to β ≈ 81 degrees [Eq. (B9)]. The increasingly finer enhancement linewidths as β → π/2 makes it increasingly more difficult to reliably evaluate the enhancements for angles very close to 90 degrees. It should be noted that, while the first six diffraction orders can propagate in the cavity and in the substrates, they become evanescent in vacuum, where the diffraction-free region extends up to ≈ 52 THz. The system is hence non-diffracting for external illumination and measurement: All the information about the internal light-matter interaction available outside the system is contained in the zeroth transmission and reflection orders. In many CD measurement setups, only the transmitted power is detected. Figure S3 in Appendix C shows the Transmittance CD enhancement, where features and enhancement values very similar to those seen in Fig. 1(b) can be observed. While in a few regions the TCD enhancement can be partly due to a sharp decrease in transmittance, Fig. S4 shows that this is not the general case, and that the averaged forward transmitted power P fwd + + P fwd − /2 is relatively large for many high enhancement regions. We also note that the incoupling causes some helicity non-preservation. Our numerical calculations show that the transmission from perpendicular incidence to the first diffraction order features a helicity preservation degree of ≈ 82% between 35.6 and 38.5 THz. Finally, we highlight that the chosen geometrical parameters are an example for infrared operation wavelengths. The parameters of the cavity and the involved materials can be scaled and tuned to other operation wavelengths.
An important property that distinguishes the cavity from previous proposals is that the regions of high enhancement are not just the near-fields around the cylinders. We now study the local enhancement as a function of position inside the cavity. We will make use of the point-wise square norms of the two helicity components of the field |G + (r)| 2 , and |G − (r)| 2 , where √ 2G ± (r) = E(r) ± iZH, with Z the medium impedance, are essentially the Riemann-Silberstein vectors [25] . The ratio between the difference γ(r) = |G + (r)| 2 − |G − (r)| 2 for the cases with [γ c (r)] and without [γ 0 (r)] the structure is the point-wise enhancement of the helicity density due to the cavity, which is identical to the ratio between the optical chirality density [26] for those same cases. For an achiral system with properly chosen illumination the volume integral of the value γ c (r)/γ 0 (r) is a good proxy for the CD enhancement [11] . We assume that the cavity is filled with a medium characterized by r = 2.14, µ r = 1, and κ = 0. The structure is illuminated with a left-handed polarized plane wave under perpendicular incidence. Its helicity intensities are |G . We observe that the helicity density enhancement is large in electromagnetically large volumes, and that it increases when going away from the cylinders towards the center of the cavity, well outside the near-field regions around the cylinders.
Finally, in Appendix D we perform a quantitative analysis of the effects of violating the achirality requirement in our proposed cavity. We show that a non-zero ACD signal can be measured from an achiral analyte when the mirror symmetries of the cavity are broken due to a relative transverse displacement between the two arrays. This aspect will need to be considered in the manufacturing of such cavities. In conclusion, we have presented a planar cavity which enhances the circular dichroism signal of chiral molecules by two orders of magnitude. The design exploits helicitypreserving cavity modes with long lifetimes which are mediated by the TE/TM reflection degeneracy in the limit of grazing incidence angle.
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where β is the angle of incidence measured from the normal, (Z 1,2 , n 1,2 ) are the impedances and refractive indexes of the two media, and f β, Eq. (A1) that, at grazing incidence when β → π/2, then r TE → −1 and r TM → −1, independently of (Z 1,2 , n 1,2 ).
Appendix B: Analysis of the double array cavity
Let us first consider a single array embedded in a nonabsorbing achiral dielectric medium with r = 2.14 and µ r = 1. In a 2D hexagonal lattice, the real(direct) space hexagonal lattice vectors can be written as a 2 is smaller than k 2 , the squared wavenumber in the medium, the (n, m) order is propagating, otherwise, it is evanescent. The longitudinal (z) component of the momentum corresponding to an (n, m) order is
which can be real or imaginary, and where the +/− sign indicates transmitted/reflected orders. Let us now consider a double array system embedded in the same medium as before. According to Eq. (4) of the main text, the modal condition in the cavity formed by the double array can be written as
which, after using Eq. (B1) and some manipulation, establishes a relation between (n, m), L, d, and the wavelength in the medium λ = 2π/k:
We now consider any of the six (n, m) pairs corresponding to the edges of the momentum space hexagon closest to the origin, i.e. the first six (degenerate) diffraction orders: (0, 1), (1, 0), (0, −1), (−1, 0), (1, −1), and (−1, 1). We assume that the corresponding angle β is large enough to set Φ nm TE/TM = π. Equation (B3) becomes
We are also interested in the (n, m) = (0, 0) modes, often referred to as Fabry-Perot modes, which correspond to perpendicular incidence (β = 0). In such case and since Φ 
from where it follows that the two kinds of modes can couple when l 1 − l 0 is even or, equivalently, when (l 1 − 1) − l 0 is odd.
Finally, we seek an expression for the angle β nm corresponding to the (n, m) diffraction order. First, it is readily derived from Eq. (B2) that the angle β nm can be calculated as
where c is the speed of light in the medium. Then, for a given (n, m) mode, the modal frequency f nm can be deduced from Eqs. (B1) and (B2) to be Appendix D: Non-zero ACD signal from an achiral analyte due to breaking the achirality requirement
Let us assume that we want to use a structure for enhancing the CD signal of a molecular solution. In order to ensure that the CD signal depends only on the chiral absorption properties of the molecules and not on their nonenantiospecific achiral absorption properties the structure must be achiral, and the two subsequent illuminations used for the CD measurements must transform into each other by one of the spatial inversion symmetries of the structure [11] . We now perform a quantitative analysis of the effects of violating the achirality requirement in our proposed cavity. The requirement is violated by introducing a relative transverse displacement between the two arrays. As result, a non-zero ACD signal can be measured from an achiral analyte. The medium in the cavity is now absorptive and achiral, with the same parameters as in Eq. (6) of the main text except that κ is now set to zero. The length of the cavity L and frequency f are (L, f ) = (18.73 µm, 36.03 THz). Figure S5 shows the ACD signal computed with Eq. (5) of the main text as a function of ∆: The transverse displacement in units of the lattice constant. The different lines correspond to displacements along different directions defined by their angle θ with respect to the horizontal axis [see inset]. For θ = {0, 30} degrees the ACD signal is zero for all displacements because the structure still has a mirror symmetry through a plane containing the optical axis, which transforms a perpendicularly incident left-handed plane wave into a perpendicularly incident right-handed plane wave. For θ = {7.5, 15, 22.5} degrees the ACD signal is non-zero for most non-zero displacements, and three sign changes (zero-crossings) can be observed. For each displacement direction, the zero-crossing that occurs near ∆ = 0.45 coincides with the point for which the displacement results in the recovery of a geometrical mirror symmetry. The point is slightly different for each θ. A sharp feature is observed at ∆ ≈ 0.087. The corresponding TCD results are similar.
These results highlight the importance of meeting the achirality condition in structure-illumination systems for enhanced CD measurements. In practical applications, the unavoidable deviation from this condition will set a limit on the achievable sensitivity. This notwithstanding, the effect can be also be useful, for example, to correct small misalignments between the two arrays by minimizing the CD signal of an achiral absorbing medium like ethanol.
